Local electronic states around hydrogen and acceptor ions in SrZrO 3 are simulated by the DV-X molecular orbital method to examine their effects on protonic conductivity. The calculated ioncities of the acceptor dopant ion, M, and the surrounding six oxygen ions, O ðiÞ (i ¼ 1{6) are found to change largely with M in the doped oxide, where M's are Yb, Y, In, Al and Ga. There is a clear tendency that the protonic conductivity decreases as these ionocities around the dopant ion, M, deviate further from the ones around the Zr ion in un-doped oxide. Also, in a geometrical viewpoint, the bond order between M and O ðiÞ (i ¼ 1{6) ions is another indication to control the protonic conductivity. The presence of the slightly weaker M-O ðiÞ bond than the Zr-O bond causes small expansion of the MO 6 octahedron, and then gives a nearly symmetrical position for proton to move readily to the neighboring oxygen sites. These results are also found in the other oxides, BaZrO 3 and CaZrO 3 . Both the ionicity and the bond order are indeed useful parameters for the design of perovskite-type oxides with high protonic conductivity.
Introduction
It is known that many perovskite-type oxides (e.g., SrCeO 3 , BaCeO 3 , BaZrO 3 , CaZrO 3 ) show protonic conduction at high temperatures when acceptor ions are doped into them. 1, 2) These oxides have a large potential for use in fuel cells, steam electrolysis and hydrogen gas sensors. [3] [4] [5] When trivalent cations such as Y 3þ are substituted for tetravalent ions such as Zr 4þ in SrZrO 3 , oxygen ion vacancies are introduced into the crystal to keep the charge balance in it. Following the Kröger-Vink notation, this is expressed as,
where Y 0 Zr is a Y 3þ ion at the Zr 4þ site and V O is an oxygen ion vacancy. In a wet atmosphere, some of the oxygen ion vacancies are readily filled with an oxygen ion, and interstitial protons, H i , are introduced into the crystal. It is expressed as,
where O Â O is an oxygen ion at the oxygen site. As a result, protonic conductivity through the interstitial H i is induced in the oxide.
Lots of experiments have been performed in order to elucidate the transport mechanism of proton in the perovskite-type oxides. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] For example, as for the crystallographic position of proton, 10, 11) it has been shown that the proton exists in the neighborhood of the oxygen ion. 12) Also, proton appears to exist preferentially in the site near the oxygen ion with a relatively large trapping energy. 14, 15) In addition, the microscopic mechanism for proton transfer has been studied employing the molecular dynamics simulation. [18] [19] [20] [21] [22] For example, the time-averaged geometry around the proton at high temperatures is simulated in BaCeO 3 , BaZrO 3 , SrTiO 3 and CaTiO 3 . 21) Also, the activation energy for proton transfer is calculated and corrected with the repulsive interaction of the proton with B cation (B ¼ Ce, Zr, Ti), 21) even though the dopant effect is not counted in the calculation.
In most cases, the protonic conduction takes place in the oxide through the hopping of proton from one oxygen ion site to the adjacent site. For the oxides with small lattice constants (e.g., CaTiO 3 ) the proton may jump even to the next nearest site. 21) The protonic conductivity may be expressed by adopting a general Arrhenius expression for the ionic conductivity, ,
where A is a constant, q is the charge of proton, c is the number of mobile proton, ÁH is the activation energy for proton transfer including rotation of the OH À hydroxyl ions around the oxygen center, k and T have usual meanings. The magnitude of the conductivity, , is proportional to a preexponential term in the eq. (3), in particular, the number of mobile proton, c, and the temperature dependence of can be seen in the activation energy, ÁH.
Needless to say, such protonic conductivity varies with mother oxides. 1, 6, [23] [24] [25] Also, the conductivity varies largely depending on dopant ions. For example, as shown in Fig. 1 , protonic conductivity is one or two orders of magnitude different between dopant ions in SrZrO 3 . 24) In this study protonic conduction is mainly concerned at the temperature below 800 C (1073 K) where protonic conduction is dominant. The change with the dopant ions, M, may be attributable mainly to the variation in the activation energy for proton transfer, ÁH. It changes in the order, Yb Y < In < Al % Ga. In case of BaZrO 3 , the order is Y < Gd < In < Sc.
7)
Recently, we have reported the calculated electronic structures of SrTiO 3 and SrZrO 3 by the DV-X molecular orbital method and shown that charge compensation takes place among the impurities or defects such as proton, oxygen ion vacancy and acceptor dopant in the oxides. 26, 27) Also, it is shown that the nature of the chemical bond between constituent ions changes largely by the addition of acceptor dopant and affects protonic conductivity in some ways. The 27) and also by Kreuer et al. 7) In addition, we have simulated local geometries around acceptor dopant ion and proton in SrZrO 3 using the plane-wave psudopotential method. [28] [29] [30] It is found that the introduction of proton and/ or acceptor dopant (e.g., Y, Al) into SrZrO 3 induces a large local lattice distortion.
In this study, local electronic states in the perovskite-type oxide, SrZrO 3 , have been calculated by the DV-X molecular orbital method in order to understand how acceptor dopant ions affect local electronic states and play a role in protonic conduction in the perovskite-type oxides. The activation energy shown in Fig. 1 will be discussed in the light of the calculated local electronic states around the dopant ions and proton.
DV-X Cluster Method and Cluster Models

DV-X cluster method
The DV-X cluster method 31, 32) is a molecular orbital calculating method, assuming the Hartree-Fock-Slater (HFS) approximation. In this calculation, the exchange-correlation between electrons is given by the Slater's X potential. The matrix elements of Hamiltonian and the overlap integrals are calculated by a random sampling method. The molecular orbitals are constructed by a liner combination of numerically generated atomic orbitals (LCAO). The atomic orbitals used in this calculation are 1s-6p for Nd, Dy and Yb, 1s-6s for Ba, 1s-5d for In, 1s-5p for Zr and Y, 1s-5s for Sr, 1s-4d for Ga, 1s-4p for Sc and Ca, 1s-3d for Al, 1s-2p for O and 1s for hydrogen.
For a characterization of the electronic structures and chemical bonding in the cluster, the energy level structures are obtained from the present calculation. The electron densities of states are also calculated from the energy level structures using the overlapping Gaussian functions with the half width of 0.1 eV. 31) Population analyses are made in the standard Mulliken's manner. [33] [34] [35] [36] The overlap population between the i-th atomic orbital and the j-th atomic orbital at the l-th molecular orbital is given by, where f l is the occupation number of the l-th molecular orbital. Here, this Q AB is called the bond order. The orbital population of the i-th orbital is given by,
The net charge of each atom ÁQ A is obtained by,
where Z A is the atomic number of atom A. Here, the net charge is called the ionicity. Further detailed explanation of the calculation method is given elsewhere.
37-39)
Cluster models
The cluster model used is shown in Fig. 2(a) . It is constructed on the basis of the crystal structure of SrZrO 3 which is orthorhombic, and the space group is Pnma. 40) The lattice parameters used are the same values as in bulk, a ¼ 0:58151 nm, b ¼ 0:81960 nm, c ¼ 0:57862 nm. According to our previous calculations, 41) the calculated electronic structure is not sensitive to the slight lattice parameter change with temperatures in this oxide. So, the calculated ionicities and bond orders are supposed to be less dependent on the tempareture. In order to take into account of the Madelung potential between ions, a space with the size of about M O(7) (7) O(3) (3) O(2) (2) O(6) (6) O(4) (4) O(1) (1) Zr Zr(2) (2) H(1) (1) M O (7) O(3) O (2) O (6) O (4) O (1) Zr (2) H(1) Fig. 2(b) , hydrogen, H ð1Þ , is located at the position between the neighboring two oxygen ions, O ð5Þ and O ð3Þ . Also, H ð2Þ is located on the bisectors of two oxygen-oxygen connection lines as shown in Fig. 2(b) . 15) These positions are close to an oxygen ion, O ð5Þ , and the O ð5Þ -H ðiÞ distance is set to be 0.096 nm, following the experimental result. 15) This O-H distance is close to the value in the free O-H molecule. While these two positions are possible in the crystal, explanation will be focused mainly on the H ð2Þ case, because the proton position in SrZrO 3 calculated by the psudopotential method is close to the H ð2Þ site. [28] [29] [30] Also, as shown in Fig. 2 (c), M is surrounded by six oxygen ions, O ðiÞ (i ¼ 1{6). In this study, special attention is directed toward the local electronic states in this small octahedron, because of relatively large bond changes induced there by doping. Here, the geometries are not optimized in the present cluster calculation, both hydrogen and acceptor ion, M, are just located in the undistorted lattice. The effect of geometrical changes with doping will be discussed later with the aid of the results obtained by the psudopotential method.
At the beginning of the calculation, the formal charge is assumed to be þ4 for M Zr ion, the same value as Zr Â Zr , but to be neutral for hydrogen in order to keep the charge balance in the cluster, 26, 27) although the effective charge is determined from the calculation following the Mulliken's population analysis as explained earlier.
In order to show the cluster models, simple notations are used in this paper. For comparison, the calculation is repeated for BaZrO 3 and CaZrO 3 , by adopting the cluster models shown in Fig. 2 , but varing the crystal parameters. The crystal structure of BaZrO 3 is cubic, and the space group is Pm " 3 3m with the lattice parameter of a ¼ 0:41810 nm.
42) The dopant ions chosen are Ga, Y, In, Nd and Dy. The doping may lower the symmetry, for example, the Y doping makes the crystal tetragonal. However, the cubic symmetry is still used here for the purpose of comparison among the dopants. On the other hand, the crystal structure of CaZrO 3 is orthorhombic, and the space group is Pnma with the lattice parameters, a ¼ 0:57620 nm, b ¼ 0:80170 nm, c ¼ 0:55910 nm.
43) The dopant ions chosen are Sc, Ga and In.
Results
Energy gap between valence band and conduction
band From the present calculation of pure SrZrO 3 , it is found that the valence band and the conduction band consist mainly of O-2p and Zr-4d components, respectively, and the energy gap lying between these bands is estimated to be about 6 eV, in good agreement with experimental results 44) and previous calculations.
27) It is much larger than the energy gap, 3.5 eV, for pure SrTiO 3 .
26)
Ionicity
Ionicity of hydrogen and acceptor dopants (i.e., net charges) in SrZrO 3 +H ðiÞ and SrZrO 3 +M Zr +H ðiÞ clusters are shown in Fig. 3(a) . Here, the result of M ¼ Zr denoted in the horizontal axis corresponds to the result for SrZrO 3 +H ðiÞ cluster without any dopant ions. The ionicity of hydrogen is about þ0:24 for SrZrO 3 +H ð2Þ cluster, and about þ0:34-þ0:35 for SrZrO 3 +M Zr +H ð2Þ cluster. Thus, when some trivalent dopants coexist with H ð2Þ , the ionicity of hydrogen increases by about þ0:10-þ0:11. These results clearly indicate that hydrogen loses more electrons in the neighborhood of the dopant ion. In case of H ð1Þ , the ionicity of hydrogen is slightly smaller than the H ð2Þ value as shown in Fig. 3(a) , but the trend of the ionicity change with M is similar between H ð1Þ and H ð2Þ . Also, as shown in Fig. 3(b) , there is a large change in the ionicity of the dopant ion, M, regardless of the cluster models with and without hydrogen.
It is found from a series of calculaitons that the ionicities of Sr and Zr ions in the cluster scarcely change with the dopant ions. In contrast to this, the ionicities of O ðiÞ ions (i ¼ 1{6) in the octahedron shown in Fig. 2 (c) are very sensitive to the dopant ions, M. For example, the variation of the O ðiÞ ionicities is shown in Fig. 3 (c) for the SrZrO 3 +M Zr clusters without hydrogen. It varies significantly with the dopant ions, M. The electron populations on these O ðiÞ sites decrease by introducing the acceptor dopant, M, into SrZrO 3 . These changes are accommodated mainly with the ionicity change of M located at the center of the octahedron. In fact, as indicated by the solid circles in Fig. 3(b) , the positive ionicity Fig. 3(c) . Hydrogen acts as a donor, 26, 27) but its addition never increases the electron population on the O ð5Þ site, but decreases while showing a charge state approximately similar to a (O ð5Þ H ð2Þ )
1À molecule since the ionicity is À1:17 for O ð5Þ and þ0:24 for H ð2Þ . Instead, the hydrogen addition causes a substantial decrease in the positive ionicity of the central Zr ion from þ2:55 to þ2:45, as shown in Fig. 3(b) . This is reasonable since the hydrogen donor level appears just below the conduction band which is composed mainly of Zr-4d. 27) In case of SrZrO 3 +Y Zr +H ð2Þ as shown in Fig. 3(e Fig. 3(e) . This may be attributable to the less positive ionicities of In, Al and Ga as compared to the ionicities of Yb and Y as shown in Fig. 3(b) . Such a trend is also seen in case of SrZrO 3 +M Zr +H ð1Þ as shown in Fig. 3(d) . Thus, it is evident that the electronic states of ions in a small octahedron are dependent largely on the dopant ion existing at the center.
Similar results in the ionicity changes are also seen in Fig. 4 for doped BaZrO 3 and in Fig. 5 for doped CaZrO 3 , both of which will be explained later.
Bond order
The covalent bond strength is treatable by using a bond order parameter. The calculated bond orders between ions in the octahedron are found to be modified by the dopant ion, M, and H.
It is apparent from Fig. 6 (a) that the value of O ð5Þ -H ð2Þ bond order is always larger in SrZrO 3 +M Zr +H ð2Þ than in SrZrO 3 +H ð2Þ . Therefore, when the hydrogen approaches the O ð5Þ ion, the O ð5Þ -H ð2Þ interaction is strongly enhanced in the vicinity of a M Zr ion. In other words, hydrogen tends to be located more preferably near the oxygen ion neighboring the M Zr ion than the Zr ion. Thus, the M Zr ion provides a more stable hydrogen site than the Zr ion. This is also the case of H ð1Þ as shown in Fig. 6(a) . The present calculated result is consistent with the experimented result that proton is located preferably near the oxygen ion neighboring the dopant ion in SrZrO 3 . 14) Thus, the doping of acceptor ions not only makes the oxygen vacancies, but also gives a chemical situation suitable for forming an O-H molecule in the oxide. A similar trend is also seen in Fig. 6(b) for BaZrO 3 and in Fig. 6(c) for
Furthermore, both H ð2Þ and O ð5Þ ions interact very weakly with the surrounding ions as shown in Table 1 . The notation of ions used in the table is the same as the one used in Fig. 2(a) . For example, Zr ð2Þ exists just above O ð5Þ ion. The small or negative bond order means weak or anti-bonding interaction operating between ions. This is seen in the bond order values of O ð5Þ -M, O ð5Þ -Zr ð2Þ and M-H ð2Þ , all given in Table 1 . So, the present result implies that the O ð5Þ -H ð2Þ molecule acts freely as if it is nearly independent of the other ions in the crystal. This may allow proton to rotate rather easily around the O ð5Þ ion, as suggested in a previous study. 18) Also, the variational range of the M-O ðiÞ bond orders are shown in Figs. 7(a), (b) and (c) 1{4, 6 ) bond orders in the hydrogen-containing cluster. It is also seen from Fig. 7(a) that both the Yb-O and the Y-O bond orders are smaller than the Zr-O bond order, but the In-O, Al-O and Ga-O bond orders are larger than the Zr-O bond order in the hydrogenfree cluster. A similar trend is seen in the hydrogencontaining cluster. In other words, the change in the M-O covalent bond strength with doping is similar, irrespective of the hydrogen-free or containing cluster. Also, the M-O bond order deviates from the Zr-O bond order in the order, Yb{O Y{O < In{O < Al{O % Ga{O. This trend of the local covalent bond observed in SrZrO 3 also appears in acceptor-doped BaZrO 3 and CaZrO 3 as shown in Fig. 8 and Fig. 9 , respectively. Namely, the M-O bond order deviates from the Zr-O bond order approximately in the order, Y{O < Dy{O < In{O < Nd{O < Ga{O, in BaZrO 3 , even though it shows either negative or positive deviation. In case of CaZrO 3 , the order is Sc{O < In{O < Ga{O. Local Electronic Structure and Protonic Conductivity in Perovskite-Type Oxide, SrZrO 3
Discussion
The present simulation is not dynamic but static, so it may be difficult for the dynamical behavior of protonic conduction to be treated following the present result alone. However, it still provides us with information of the protonic conduction through the local electronic structure around hydrogen and acceptor dopant ions. The present calculation does not involve any changes in local geometries attendant on the introduction of hydrogen and acceptor ion into the oxide lattice. In our recent study, such local geometries around hydrogen and acceptor ion have been investigated by the first-principles density functional calculations. [28] [29] [30] By comparing the present study with the previous study, we can discuss the mechanism of protonic conduction in a qualitative way. As a result, some guiding principles for materials design will be obtained through the comparison.
As explained earlier, the doping of acceptor elements modifies the ionicities of oxygen ions and the bond orders between metal and oxygen ions in a small octahedron where an acceptor dopant is located in the center. In other words, the doping effect reflects mainly the nature of the chemical bond between ions in such an octahedron. So, the local electronic structure in the octahedron is considered to be important in understanding the protonic conduction in this oxide, even though a number of proton trapped by dopant ions will decrease with increasing temperature. 45) 4.1 Correlation between protonic conductivity and local charge state As shown in Fig. 3 , the ionicities of H ðiÞ and O ðiÞ ions in the octahedron where an acceptor dopant is located in the center, are modified largely by doping. Also, as shown in Fig. 6 , the doping affects the O-H bond order significantly. In SrZrO 3 , the covalent bond between H ðiÞ and O ð5Þ ions is relatively strong, and it becomes stronger in the presence of dopant ions in the neighborhood as mentioned before. This means that H is bound to the oxygen ion near the dopant M ion or Zr ion, so that the thermal activation is more or less needed to relax the O-H bond for proton transfer.
The activation energy for proton transfer seems to be lowered if the local ionic states of ions are similar between those octahedra which are concerned with proton transfer. If the difference in their ionic states is larger, more adjustment in the local electronic state is needed to make a transition state for proton transfer, resulting in the higher activation energy, although this discussion is qualitative without any calculations of the transition state. So, the activation energy of the M-doped SrZrO 3 is supposed to be smaller when there is a smaller deviation in the ionicity values of M and O ions compared to those of Zr and O ions in the undoped SrZrO 3 . Furthermore, it is supposed that the charge of the dopant ion, M, reflects in some ways on the number of mobile protons without trapping near the M ion. As the Coulomb repulsive interaction operating between proton and M ion is expected to be weaker in the less positive M ion, the more trapping will occur in the less positive M ion. As shown in Fig. 3(b) , for example, Al has less positive ionicity compared to Y. Although the total number of protons introduced into the doped oxide itself still remains unclear in previous experiments, the local charge state around M and proton may be related closely to the protonic conductivity.
To verify this presumption, the ionicities of constituent elements in the octahedron are illustrated in Fig. 10 Thus, judging from the local ionic states of the octahedra shown in (a 3 ), (b 3 ) and (c 3 ), the Y-doped oxide resembles pure SrZrO 3 but such resemblance is not seen in the Al-doped oxide. This is also the case for the hydrogen-free octahedra shown in (a 1 ), (b 1 ) and (c 1 ). These characteristics also can be seen in Fig. 3 . Therefore, it may be said that proton can transfer more easily between the four octahedra, (a 1 ), (b 1 ), (a 3 ) and (b 3 ), in the Y-doped oxide than between the four octahedra, (a 1 ), (c 1 ), (a 3 ) and (c 3 ), in the Al-doped oxide. This is because, the less adjustment in the local electronic states is needed to make a transition state for proton transfer in the former oxide than in the latter oxide. Also, the trapping effect is less significant in the Y-doped oxide than in the Aldoped oxide. Thus, a local charge state is a measure of the conductivity change with doping.
H(2)
This discussion is also valid in the case of H ð1Þ , since the difference in the local ionic states is rather small between H ð1Þ and H ð2Þ as shown in Fig. 10 and Fig. 3 . Thus, protonic conductivity is supposed to be larger in the Y-doped oxide than the Al-doped oxide. Furthermore, according to the comparison in the ionicities among the octahedra in the other doped oxides shown in Fig. 3 , it is predicted that the proton mobility changes in the order, Yb ! Y > In > Al % Ga. This is consistent with the order of the measured proton conductivity shown in Fig. 1 . 24) This trend of the local charge changes observed in SrZrO 3 also appears in the acceptor-doped BaZrO 3 and CaZrO 3 . For BaZrO 3 , it is supposed from Fig. 4 that the protonic conductivity changes in the order, Y % Dy > In % Nd > Ga. This is consistent with the order of the measured protonic conductivity. 23) Kreuer et al. 7) has reported that Y is the best dopant which chemically matches to the Zr in BaZrO 3 . Also, for CaZrO 3 , the protonic conductivity changes in the order, Sc > In > Ga, judging from Fig. 5 , which is consistent with the order of the measured protonic conductivity. 25) There has been a long dispute whether the protonic conductivity is associated in some ways with the ionic radius of dopant ions. 46) In case of SrZrO 3 , Shannon's ionic radii of dopant ions change in the order, Y ! Yb > In > Ga > Al, which is, however, different from the order of the protonic conductivities in SrZrO 3 . This also holds for the accepterdoped BaZrO 3 and CaZrO 3 , judging from the order of the ionic radii, Nd > Dy % Y > In > Ga for BaZrO 3 and In > Sc > Ga for CaZrO 3 . Thus, it is supposed that the ionicity of the dopant ion affects the protonic conductivity more than the ionic radius.
Furthermore, it is noted here that the calculated ionicity of the dopant, M, is not necessarily related to the electronegativity, since, for example, in the case of SrZrO 3 , the electronegativity changes in the order, Y < Yb < Zr < Al < In < Ga, which is inconsistent with the order of the ionicity of M shown in Fig. 3(b) .
Local geometry and activation energy for proton
transfer Recently, the optimized geometries around hydrogen have been simulated by using the plane-wave psudopotential method. [28] [29] [30] For convenience of the present discussion, the results in the undoped, Y-doped and Al-doped SrZrO 3 are reproduced in Figs It is apparent from Fig. 12 that the Y-O bond order is smaller than the Zr-O bond order, but the Al-O bond order is larger. The weaker Y-O bond compared to the Zr-O bond implies that the YO 6 octahedron expands, whereas the stronger Al-O bond implies that the AlO 6 octahedron shrinks. In fact, according to the results of optimized geometries shown in Fig. 11 , the YO 6 octahedron becomes larger than the Zr ð2Þ O 6 octahedron but the AlO 6 octahedron becomes smaller, in agreement with the above expectation. Thus, the bond order is a good measure of the local geometrical change with doping, although the difference in the ionic radius between M (i.e., Y > Al) also reflects the size of the MO 6 octahedron. Also, the O-H bond direction rotates toward the acceptor doped octahedron, MO 6 , since the bond orientation angle, , is 40.3 in the undoped oxide, but 34.1 in the Y-doped oxide, 30.7 in the Al-doped oxide. This result indicates that proton always approaches the acceptor dopant ion through the rotation of O-H bond. In general, this may be due to the weaker Coulomb repulsive interaction operating between proton and M 3þ acceptor ion than between proton and Zr 4þ ion. Thus, the net charge on the M site influences the position of the proton and probably affects the mobility of proton. 6) However, the O-H bond length is not modified largely by doping, as shown in Fig. 11 . As a result of the size change in the MO 6 octahedron and the orientation change in the O-H bond, local configurations around H are modified as shown in Figs. 11(b) and (c). It is noticed that the interionic distances, H-O ð3Þ and H-O ð7Þ , or H-Y and H-Zr ð2Þ , and the orientation angles, and , are similar in the Y-doped oxide as shown in Fig. 11(b) . On the other hand, those are quite different in the Al-doped oxide as shown in Fig. 11(c) . In other words, the Y doping provides a nearly symmetrical situation for proton to migrate between two octahedra, Zr ð2Þ O 6 and YO 6 , whereas the Al ion doping induces asymmetry. As the O-H bond is always inclined toward the MO 6 octahedron, the slight expansion of the YO 6 octahedron is needed to make a nearly symmetrical configuration, but the shrinkage of the AlO 6 octahedron introduces the further asymmetry. In case of the undoped oxide shown in Fig. 11(a) , the situation is just intermediate between the Yand Al-doped oxides. Thus, the Y doping seems to give the better situation for proton transfer as compared to the undoped state.
The activation energy for proton transfer has been estimated by taking a difference in the total energies between the saddle point and the most stabilized proton site illustrated in Fig. 11 neighbor is necessary for proton to diffuse in a long-range distance, otherwise proton would tend to be trapped by an octahedron where an acceptor ion is located in the center. Therefore, the movement from the O ð5Þ neighbor to the O ð7Þ neighbor is supposed to be the rate limiting process for proton diffusion. As explained above, the activation energy of ÁH(O ð5Þ -H-O ð7Þ ), 0.42 eV, in the Y-doped SrZrO 3 , is lower than the activation energy of ÁH(O ð5Þ -H-O ð7Þ ), 0.95 eV, in the Al-doped SrZrO 3 . This is in agreement with the experimental results, since the measured activation energy is 0.43 eV in the Y-doped SrZrO 3 and 0.97 eV in the Aldoped SrZrO 3 . 24) As described in the preceding section, the number of mobile protons may change with temperatures up to 800 C (1073 K). So, the measured activation energy may not correspond exactly to that for proton transfer. In this sense, the present results should be understood in a qualitative way but not in a quantitative way.
Thus, from a geometrical viewpoint, Y is a more preferable acceptor ion than Al for protonic conduction in SrZrO 3 . Besides, as mentioned before, local charge states in the octahedron of the Y-doped oxide resemble those of the undoped oxide, which is not the case of the Al-doped oxide. In this study, the presence of oxygen ion vacancies in the oxide is not counted in the calculation because of very poor information in the local ionic arrangements around the vacancy. In view of the electronic structure the vacancy itself works as a donor as shown in our previous paper. 27) However, to the best of our knowledge, the vacancy-acceptor complex is little known experimentally as well as theoretically. In the presence of oxygen ion vacancies proton conduction may be enhanced by OH À diffusion as a whole at high temperature, 2, 47) but at the temperatures lower than 1073 K there is no evidence of the vacancy effect in SrZrO 3 . Despite of this uncertainty, the present results of the doping effect on the proton conductivity are supposed to be right qualitatively. O (6) O (1) (1) O (1) Zr (2) Zr (1) O (8) O ( 
Bond order
O(2) (2) O (2) O (6) O(1) (1) O (1) O(2) (2) O(2) Fig. 11 Optimized local ionic arrangements around (a) Zr and H, (b) Yand H, and (c) Al and H in orthorhombic SrZrO 3 . In each figure interionic distances are given in the nm unit.
Summary
The local electronic structures of pure and doped SrZrO 3 are simulated by the DV-X molecular orbital method. It is shown that the local chemical bond around acceptor ion, M, affects protonic conductivity greatly.
Protonic conductivity tends to decrease with increasing deviation of the net charges on the acceptor ion, M, and the surrounding O ions. Also, the bond order is a measure of the size change in the MO 6 octahedron. Its slight expansion due to a little weakening of the M-O bond is preferable for enhancing proton transfer toward the neighboring oxygen sites, O ðiÞ . As the O-H molecular bond is inclined toward the MO 6 octahedron, such expansion makes the O ðiÞ -H interionic distances nearly equal between the neighboring MO 6 and ZrO 6 octahedra, and reduces the activation energy for proton transfer.
This information of the local chemical bond is indeed a useful guide to the selection of the acceptor ions in proton conducting perovskite-type oxides, since neither the ionic radius nor the electronegativity is a valid parameter for the selection.
